DNA from a region downstream of and overlapping the polyketide synthase (PKS) gene cluster for jadomycin B biosynthesis in Streptomyces venezuelae was cloned and sequenced. Analysis of the nucleotide sequence located one complete ORF (ORF6), an incomplete one representing the 3' region of ORF4 in the PKS cluster, and a second incomplete one (ORF7). The deduced amino acid sequences for ORFs 6 and 7 resemble those of oxygenases. Since a plausible biosynthetic pathway for jadomycin B includes an angular polyketide intermediate that undergoes oxidative ring fission before condensation with an amino acid, we subcloned one of the presumptive oxygenase genes (ORF6) in a segregationally unstable shuttle vector (pHJL400) and disrupted it by inserting the gene for apramycin resistance. Transformation of 5. venezuelae with the disruption vector and selection for apramycin resistance gave mutants blocked in jadomycin biosynthesis. Southern hybridization confirmed that gene replacement had occurred. Cultures of the mutants accumulated a metabolite identified by comparison with an authentic sample as rabelomycin, a non-nitrogenous polyketide-derived antibiotic originally isolated from Streptomyces olivaceus.
INTRODUCTION
Streptomyes venexztelae ISP5230 produces a group of novel angucycline antibiotics when cultures grown under nutrient limitation in a medium containing poorly assimilated sources of carbon and nitrogen are exposed to additional stress, such as heat shock, phage infection or exposure to toxic concentrations of ethanol (Doull e t a/., 1993 (Doull e t a/., ,1994 . Jadomycin B, the main component produced during growth in an isoleucine-containing medium, has an isoleucine moiety fused into the cyclic structure and is glycosylated ( Fig. 1 ; Ayer e t al., 1991) . Under less severe stress conditions, S. venexztelae ISP5230 produces chloramphenicol (Doull e t a/., 1985) . The GenBank accession number for the nucleotide sequence reported in this paper is U28382.
Although the biosynthesis of jadomycin B has not been examined in detail, the inference from inspection of the chemical structure that it is derived from a polyketide intermediate was supported by specific incorporation into the structure of isotopically labelled acetate (S. Ayer, unpublished data). Cloning and sequence analysis of a fragment of S. venepuelae ISP5230 genomic DNA that hybridizes with act genes from Streptomyes coelicolor A3(2) established the presence of a polyketide synthase (PKS) gene cluster in S. venextrelae. Selective loss of jadomycin B production when a plasmid containing part of the cloned sequence integrated into the chromosome indicated that the PKS genes are associated with jadomycin biosynthesis (Han et al., 1994) .
In this paper, we present evidence that a region of the S.
venextrelae ISP5230 chromosome immediately downstream of the PKS gene cluster encodes an oxygenase involved in opening ring B of an angucycline (Rohr & Thiericke, 1992) likely to be a biosynthetic intermediate. Subsequent insertion of an isoleucine molecule at this site would account for the formation of jadomycins.
METHODS
Bacterial strains, plasmids and culture conditions. Sources and characteristics of the bacteria and plasmids used are listed in Table 1 . Cultures of Streptomyes venegzlelae and Escherichia coli were grown as described previously (Han e t al., 1994) . The conditions used for jadomycin B production were as described by Doull et al. (1994) . For selective growth of S. venepielae mutant strains, apramycin was added at concentrations of 50 pg ml-' to agar media and 10 pg ml-' to liquid media.
DNA manipulation and transformation. Plasmid DNA was isolated from E. coli by the alkaline lysis method of Kieser (1984) . Genomic DNA was isolated as described by Hopwood et al. (1985) . DNA ligase and restriction enzymes were used according to manufacturers' instructions. Competent cells of E.
coli were prepared and transformed by standard methods (Sambrook et al., 1989) ; protoplasts of S. veneguelae were prepared and transformed by modifying the methods of Hopwood e t al. (1985) as follows: MYME medium, containing 10.3 YO (w/v) sucrose, 1 YO (w/v) maltose, 0.5 YO (w/v) peptone, 0.3% (w/v) yeast extract, 0.3% (w/v) malt extract, 5 mM MgC1, and 1 % (w/v) glycine, was inoculated with S. venexuelae ISP5230 spores and incubated for 48 h at 27 "C; protoplasts were formed in modified P buffer (7-32Y0, w/v, mannitol, 70 mM NaC1, 10 mM MgCl,, 20 mM CaC1, and 25 mM TES buffer at pH 7-2) ; protoplast regeneration medium contained 7.32% (w/v) mannitol and 1 YO (w/v) maltose in place of sucrose and glucose, respectively ; modified T buffer contained 25% (w/v) PEG 4000 (Sigma) in modified P buffer. Transformants were selected by overlaying the agar with soft nutrient agar containing thiostrepton to give a plate concentration of 25 pg ml-'.
Gene disruption. The apramycin-resistance gene in pKC462a (Stanzak et al., 1986 ) was excised as a 1.5 kb BamHI-PstI fragment and blunt-ended by treatment with the Klenow fragment of DNA polymerase I. pJV66 was digested with S f l to remove a 130 bp segment of the insert, and the ends of the residual vector fragment were also blunted. Ligation of the two blunt-ended products, transformation of E. coli TG1 with the ligation mixture and selection for apramycin resistance (AprR) yielded strains containing the disruption vector p JV67. This was used to transform E. coli ET12567 (MacNeil e t al., 1992); p JV67 reisolated from transformants of this DNA-methylasedeficient strain was used to transform S. veneptlelae ISP5230. Approximately 200 colonies (pg plasmid DNA)-' were obtained by initial selection for thiostrepton resistance (ThioR). Samples of genomic DNA extracted from 10 of these were fractionated by agarose gel electrophoresis and screened for hybridization to pH JL400. Colonies containing chromosomal DNA that hybridized to the probe were transferred to MYM agar (Stuttard, 1982) containing 50 pg apramycin ml-', and the presumptive integrant colonies were subjected to two rounds of sporulation on MYM agar with apramycin but without thiostrepton. Plating of these spores yielded colonies sensitive to thiostrepton.
DNA sequencing and sequence analysis. The 2.4 kb fragment isolated from SacI-digested i LH7 DNA (Han et al., 1994) was subcloned in both orientations in the Sac1 site of pBluescript I1 SK( + ). The recombinant phagemids (p JV60/61) were digested with exonuclease I11 and ligated to generate overlapping deletion clones. Single-stranded DNA templates were prepared using helper phage VCSM13 (Stratagene; Sambrook et al., 1989) ; they were sequenced by the dideoxy chain-termination method (Sanger et al., 1977) (Southern, 1975) . Digoxigenin (DIG)-dUTP was used to label DNA probes by the random priming method. Hybridization was carried out for 16 h at 65 "C in a solution containing 5 x SSC (1 x SSC is 150 mM NaCl and 15 mM sodium citrate, Isolation of rabelomycin. Two cultures (1000 ml) of each S.
venepuelae mutant were treated with 6.0% (v/v) ethanol at 6 h after inoculation and grown for a further 24 h under the conditions used for jadomycin production (Doull et al., 1993) . The pooled cultures, adjusted to pH 3.2 with HC1, were filtered (Whatman no. 5 paper) under vacuum and extracted twice with 500 ml ethyl acetate. The extract was evaporated in vacuo at 40 "C and chromatographed on a column (2.0 x 15 cm) of silicic acid (J. T. Baker). Yellow fractions (containing rabelomycin) were eluted with ethyl acetate/toluene (1 : 9, v/v) and evaporated to give 2.8 mg orange oil. Further purification of this material by preparative TLC on C,, reverse-phase silica (E. Merck RP-18 F254, 0.25 mm thickness) with water/acetonitrile (20 : 80, v/v) as the mobile phase yielded 1.6 mg rabelomycin (R, 0.72).
Analytical and spectroscopic procedures. Jadomycin and rabelomycin were monitored in culture extracts and chromatographic eluates by HPLC using a C,, reverse-phase silica column ( 'H-and 13C-NMR spectra were obtained with a Bruker AMX 500 spectrometer (500 MHz for 'H; 125 MHz for 13C). The 'H-and 13C-NMR spectra (recorded in CDC1,) of authentic rabelomycin and the product from S. venepuelae VS655a were identical and agreed well with the published spectra, except that under our conditions both the authentic and S. 
RESULTS
Sequence and analysis of the 2.4 kb Sad fragment from 5. venezuelae A 2.4 kb SacI fragment f r o m the S. venepdae DNA insert in A phage LH7 (Han e t al., 1994) was subcloned in pH JL400 to give p JV66. The nucleotide sequence ( Fig. 2) showed that one end o f the pJV66 insert coincided with the 3'-end of the cyclase-dehydratase gene (ORF4) i n the PKS gene cluster for jadomycin B biosynthesis (Han etal., 1994) . Analysis o f the sequence of the entire 2.4 k b fragment with the FRAME (Bibb e t al., 1984) a n d CODON-PREFERENCE (Devereux e t al., 1984) programs showed, in addition to the incomplete ORF4, one complete ORF (ORF6) a n d a second incomplete one (ORF7). ORFs 6 a n d 7 lie downstream of, a n d are transcribed in the same direction as, the ORFs of the PKS cluster (Fig. 3 ). ORFG is separated by only 1 bp o f non-coding DNA f r o m the 3'-end of ORF4; it starts with a n ATG a t n t 530-532, which is preceded 9 nt upstream, a n d thus within the ORF4 coding sequence (see Fig. 2 ), by a plausible ribosomalbinding site. The stop codon for ORFG is the TGA a t nt 2105-2107. ORF7 starts with a n ATG at nt 2131-2133, a n d is thus separated by 22 nt from the stop codon o f ORF6; a ribosomal-binding site is present 9 nt upstream. No in-frame stop codon was present in the sequenced region downstream of the ORF7 start codon.
Amino acid sequence deduced for ORF6
ORFG encodes a protein of 525 amino acids, with a n estimated M, o f 55 126, a n d a n isoelectric point o f 6-41. Streptomyes peacetius, used for 1 1 -hydroxylation of aklavinone in daunorubicin biosynthesis (Hong et al., 1994) , SchC (24.3 YO identity) involved in spore pigment formation in Streptumyces halstedii (Blanco e t al., 1993) * * * * * * * * * * * * * * ** * ****************** * * ***** * * Among all sequences showing similarity, the resemblance was particularly strong around two motifs present in FAD-and NADPH-dependent hydroxylases. One of the motifs was the P-a-P fold associated with binding of the ADP moiety of FAD (Wierenga e t al., 1985 (Wierenga e t al., ,1986 Eggink e t al., 1990) ; it was located near the N-terminus of the polypeptide (Fig. 4a) . The second motif contains an aspartic acid that participates in binding the ribityl substituent of the flavin moiety of FAD (Fig. 4b; Russel & Model, 1988; Eggink e t al., 1990) . The extent of the sequence similarity between the ORF6 product and both groups of oxygenases suggests that ORF6 encodes an enzyme that hydroxylates an aromatic polyketide intermediate in jadomycin B biosynthesis, and that this reaction leads to scission of the angucycline B ring (see below). actVA-ORF6 probably has a similar function (Caballero e t al., 1991 ; Fernandez-Moreno e t al., 1994) .
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Targeted disruption of ORF6 in the chromosome
A gene disruption vector was constructed from pH JL400, a bifunctional E. coli-Streptomyes plasmid that lacks the partition function of the SCP2* parent and is thus segregationally unstable in streptomycetes (Larson & Hershberger, 1986) . The 2.4 kb SacI fragment of S. venexnelae DNA cloned in pHJL400 to furnish pJV66 contained a 130 bp Sfl-Sfl segment lying within the confines of ORF6; this was replaced with a 1.5 kb fragment containing the apramycin-resistance gene from pKC462a (Stanzak et al., 1986) , thereby forming the ORF6 disruption vector pJV67 (Fig. 5a ). To circumvent a restriction system recognizing methylated DNA apparently present in S. venexzlelae ISP5230 (Han etal., 1994) , pJV67 was first used to transform a DNA-methylationdeficient strain of E. coli (MacNeil e t al., 1992) , and reisolated for use with the streptomycete. S. uenexzlelae transformants pro agated without thiostrepton selection of genomic DNA from two colonies of each type were probed by Southern hybridization with pJV67 to detect single and double crossover events (Fig. 5b) . Wild-type genomic DNA gave the expected signal at 2.4 kb, whereas the DNA from VS654a and VS654b (ThioR AprR) gave a yielded ThioR Apr % and Thio' AprR colonies. SacI digests signal at 5.8 kb for vector DNA, as well as signals at 0-8, 
Characterization of metabolites
Analysis by HPLC of wild-type and mutant S. venexztelae ISP5230 strains grown under conditions that elicit jadomycin B production (Doull e t al., 1994) showed low yields of the antibiotic (10% of wild-type levels) in strains VS654a and VS654b carrying integrated p JV67. Accompanying the jadomycin B was a second product not encountered in the wild-type strain. The replacement mutants (VS655a and VS655b) produced only this product ; no jadomycin B could be detected. Further analysis of cultures by TLC, and recovery of the products by chromatography of culture extracts on silicic acid columns, established that the substance accumulated by replacement mutants was a yellow antibiotic indistinguishable by direct comparison from an authentic specimen of (-)-rabelomycin (Liu et al., 1970) . The presence of a mixture of jadomycin B and rabelomycin in strains with pJV67 integrated by a single crossover was also confirmed by TLC.
DISCUSSION
Considerable progress has been made recently in clarifying the molecular genetics of polyketide antibiotic biosynthesis in actinomycetes, and many of the important principles have been established (McDaniel e t al., 1993 ; Shen & Hutchinson, 1993a; Hopwood e t al., 1994) . One of the areas that remains to be fully explored is the molecular basis for the remarkable diversity of the polyketide family of secondary metabolites. Even within the subgroup distinguished by its use of acetate starter and malonate extender units, there is a wide range of structural options; these depend not only on the number of malonate units introduced, but also on the pattern in which the growing chain is folded, and ancillary reactions that modify specific sites on the chain. Although the roles of some PKS genes can be predicted from their sequence similarity to those of fatty acid biosynthesis (Hopwood & Sherman, 1990 (Liu e t al., 1970) and later identified along with angucycline antibiotics of the vineomycin group as a product of Streptomyes matensis subsp. vinezts (Imamura e t al., 1982) , supports the presumption that jadomycin B is biosynthesized via an angular polyketide intermediate. It is noteworthy that in the comparison with database sequences, the deduced ORFG product showed closest identity to ZrrdF, which encodes an oxygenase implicated in the biosynthesis of urdamycin A, an angucycline antibiotic (Rohr e t al., 1989) with structural similarities to jadomycin B. Presumably the gene clusters for the two biosynthetic pathways have a close evolutionary relations hip.
The absence of a hydroxyl group at C-10 in rabelomycin indicates that the carbonyl group at the corresponding position in the polyketide is reduced by a ketoreductase (presumably the product of ORF5; Han e t al., 1994) and lost by dehydration before ring B is opened. Similar timing for a decarboxylation step is implied by the absence of a carboxyl group at C-2 in rabelomycin. In contrast, loss of the C-3 hydroxyl in a dehydration reaction aromatizing ring A may occur after ring B is opened, and the lack of sugar substituents on rabelomycin suggests that glycosylation is also a late reaction. Similarities in the amino acid sequences of anthrone oxidases and that deduced for the incomplete ORF7 product implicates this ORF in the introduction of oxygen at C-12 to generate a quinone group in rabelomycin. A conserved histidine in the amino acid sequences deduced for tcmH, actVA-ORF6 and ORF7 of S. venepzrelae is consistent with the essential role predicted for this amino acid in TcmH activity (Shen & Hutchinson, 1993a) . Preliminary data indicate that ORF7 encodes a large protein containing more than 200 amino acids. It is, therefore, substantially bigger than either TcmH (81 amino acids) or the product of actVA-ORF6 (113 amino acids). Although ORF7 is downstream of ORF6, the presence of the quinone group in rabelomycin implies that the ORF7 product acts earlier than that of ORF6 in the biosynthetic pathway. Accumulation of the quinonoid intermediate rather than the corresponding anthrone in the replacement mutants is consistent with evidence from restriction analysis that the apramycin-resistance gene in pJV67 has the same orientation as ORF6, in which it is inserted (see Fig. 5a ). Thus expression of ORF7, which has the same orientation as ORF6, is not prevented; it may continue by readthrough from a promoter in the PKS gene cluster, or be initiated from the promoter of the apramycin-resistance gene.
